Extensive research has been conducted on static bond behaviour between CFRP and steel.
Introduction
Advanced carbon fibre reinforced (CFRP) composites have been proposed as excellent reinforcement materials for the fatigue strengthening of steel structures [1] [2] [3] [4] [5] [6] [7] . It is preferable to use high modulus CFRP composites [6, 8] or CFRP prestressing techniques [7, 9, 10 ] to further extend the fatigue life of cracked structural components. Since the efficiency of fatigue strengthening depends on the bond performance between the CFRP and steel, it is desirable to understand the effect of fatigue loading on the bond behaviour, before the large scale utilisation of UHM CFRP plate in civil infrastructure.
Extensive research has been conducted on FRP-to concrete bonded interfaces subject to static loading (e.g. [11] [12] [13] ) and on static bond behaviour between CFRP and steel (e.g. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ). Very limited research is available on the effect of fatigue on the bond behaviour between CFRP and steel [24] . Besides the fatigue behaviour of the adhesive interface, other issues regarding the long term performance of the adhesive interface, i.e. creep and relaxation effects [25, 26] fatigue . A series of fatigue tests on double strap joints with both normal modulus (240 GPa) and high modulus (640 GPa) CFRP sheets was conducted by Liu et al. [24] . The failure mode of the specimens with normal modulus CFRP sheets was attributed to interfacial debonding before and after fatigue loading. Compared to the control specimens (tensioned to failure under static loading), the bond strength was reported to have decreased by 10% when the fatigue load ratio (the ratio between the maximum fatigue loading to the bond strength of control specimens) was less than 0.2. The reduction in the bond strength increased to 20% when the load ratio rose to 0.3.
The specimen was reported to fail during fatigue loading when the fatigue load ratio was beyond 0.3. On the other hand, for specimens with high modulus CFRP sheets, the joints failure was 3 characterised by CFRP rupture after fatigue tests, with the crack running in an irregular path. The bond strength was not greatly affected, even though the load ratio was as high as 0.55 and the specimen was subjected to up to 10 million fatigue cycles. Similar fatigue tests were conducted on CFRP/steel double strap adhesively bonded specimens in [18] . A CFRP plate with elastic modulus of 165.7 GPa was adopted and Sikadur 30 was used as bonding material. It was found that the failure modes changed from cohesive debonding to a combination of cohesive debonding and CFRP delamination after fatigue testing. The bond strength reduced to 83~88% of that of unfatigued specimens. These results may be attributed to the preparation procedure of their specimens, where corrosion on the steel surface may have resulted in bond defects.
This paper investigates the effect of fatigue loading on the bond behaviour between a pultruded CFRP plate and steel. The CFRP plate has a nominal modulus of 460 GPa which is the highest Young's modulus for pultruded CFRP products to date. This CFRP plate therefore named ultra high modulus (UHM) CFRP plate in this paper. In this work, a series of static and fatigue tests were conducted on UHM CFRP plate and steel plate double strap joints. A number of control specimens were tensioned to failure under static loading. Another series of specimens were then statically tensioned up to 90 kN before they were subjected to a number of fatigue cycles at various load ratios. The load ratio is defined as the ratio between the maximum fatigue loading and the average bond strength of control specimens. The specimens which survived the fatigue loading were eventually statically tensioned to failure. By comparing the performance of double strap joints before and after fatigue loading, the effect of fatigue loading on the bond behaviour could be examined. Microscopic investigations were conducted on the test specimens, and evidence of fatigue damage on the bond was observed and reported. A failure mechanism named "fatigue damage zone" was proposed and the macro experimental results were explained. Finally, the experimental results were compared with those for joints with CFRP sheets. 4 In the present study, seventeen double strap joints with UHM CFRP plates bonded to steel plates were prepared. All double strap joints had the same configuration, as shown in Fig. 1 . In order to ensure that the failure occurred on the desired side of the specimen (the 60 mm side in Fig. 1 ), a longer bond length of 100 mm was applied on the other side of the joint. The bond length of 60 mm was chosen because it is smaller than the effective bond length of UHM CFRP plate (100~120 mm) [14] . If a bond length longer than the effective bond length were adopted, the effect of fatigue loading on the bond behaviour would be uncertain due to the influence of the extra bond length. In addition, the choice of the bond length of 60 mm facilitated comparison with the results of previous research by the authors reported in [24] for double strap joints with CFRP sheets. The material properties, specimen preparation, test set-up and procedure are discussed in the following sections.
Experimental program

Material properties
The same CFRP plates, "MBRACE® LAMINATE 460/1500", as reported in [14] were adopted. This is an ultra-high modulus plate with a nominal elastic modulus of 460 GPa and a nominal tensile strength of 1500 MPa. The UHM CFRP plate has a fibre content of 71% and its measured thickness is 1.45mm. The steel plates are hot-rolled structural steel HA300. They have a nominal yield stress of 300 MPa. The steel plates used had dimensions of 300 mm length, 50 mm width and 10 mm thickness. Coupon tests of CFRP and steel plates were carried out to validate the manufacturersupplied data according to ASTM D3039 [27] and ASTM E8 [28] , respectively. The results of coupon tests were also reported in [14] . Araldite 420 adhesive was used to bond the CFRP to the steel plates. The material properties of the adhesive were tested by Fawzia [16] at Monash University.
The measured material properties of the CFRP plate, steel plate and adhesive are listed in Table 1 . 5 Firstly, the surfaces of the steel plates were sand-blasted to remove the oxidized layer to expose the fresh steel surfaces. The surfaces were then cleaned with acetone immediately before the adhesive application. Two steel plates were aligned in position, after which a thin coat of adhesive was applied uniformly on the steel surfaces. The assembled specimen was then cured at room temperature for at least one week. Finally, strain gauges G1 and G2 on the CFRP plates and strain gauges G3 and G4 on the steel plate were used to check the eccentricity of the applied tensile force.
Specimen preparation
In order to keep the quality of the specimens consistent with the same bond thickness, an adhesive thickness control device was designed, as reported in [14] . As can be seen from Table 2 , all double strap joints had similar thickness with an average value of 0.660 mm. The standard deviation was about 0.08 mm, indicating that the thickness control device performed adequately.
Test set-up and procedure
The seventeen double strap joint specimens are listed in Table 2 . First, five were selected as control specimens and tested under static loading only. These five specimens are named "DC-i", in which "D" means "double strap joint", "C" refers to "control specimens" and "i" stands for the "ith" control specimen. The control specimens were tensioned to failure on a Shimadzhu 300 kN capacity machine at a loading speed of 1 mm/min. The ultimate failure loads of the control specimens are defined as static bond strengths ( ,max s F ) in this paper. A string pot was clamped on both ends of the double strap joint to monitor the total extension of the specimen (Fig. 2) . The gauge length of 280 mm was kept the same for all specimens. An MTS laser extensometer was also adopted to monitor the total relative slip between the CFRP and steel plates across the 60 mm bond length. For the slip measurement, one reflection tape was attached on the CFRP surface at the location of the joint, and the other tape was attached on the steel plate next to the end of the CFRP attachment. The relative movement of the two tapes, captured by the laser extensometer, 6 can be treated as an approximate representation of the total slip between CFRP and steel within the 60 mm gauge length. The strain gauge readings were recorded by the data acquisition system mounted on the Shimadzhu machine. The instrumentation and test set-up for the static tests are shown in Fig. 2 .
The other twelve specimens were first subjected to a static loading of up to 90 kN (the maximum fatigue loading in the following discussions). The instrumentation and test set-up were the same as those for the control specimens. The purpose was to record their static behaviour (load-extension, load-slip, etc.) within the load range of 0~90 kN before the fatigue tests. The twelve specimens were subjected to fatigue loading in an MTS fatigue test machine. They were tested under various fatigue load ranges ( P  ) outlined in Table 2 . The names of specimens under fatigue loading have the pattern "DF-a-i", where "D" means "double strap joint"; "F" refers to "fatigue loading"; "a" is the "load ratio" which is defined as the ratio between the maximum fatigue load ( max P ) and the average static bond strength of the control specimens (
,max s F ); and "i" stands for the "ith" specimen under the same load ratio. The stress ratio is defined as the ratio between the minimum fatigue loading and maximum fatigue loading ( min max / PP ). In the current fatigue tests, a stress ratio of 0.1 was adopted.
Some specimens failed during the fatigue tests.Those specimens which survived the fatigue loading were removed from the MTS fatigue hydraulic frame and statically tensioned to failure on the Shimadzhu machine. The bond strength of these specimens after fatigue loading is named
. By comparing the static behaviour before and after the fatigue tests, the effect of fatigue loading on the bond behaviour between UHM CFRP plates and steel plates could be investigated.
All static tests after fatigue loading were conducted using the same test set-up and instrumentation as the control specimens (Fig. 2) . The fracture surfaces of all failed double strap joints were finally investigated using an Olympus SZX16 Stereo Microscope at the Monash Centre 7 for Electron Microscopy. The aim of this investigation was to study the micro-failure mechanisms of the double strap joints before and after fatigue loading.
The entire experimental test protocol is illustrated in Fig. 3 . In order to make the following discussion clear, several terms are defined here. For specimens which were subjected to fatigue loading, the term "before fatigue" means "static tests (loaded upto 90 kN) before fatigue cycles", whereas the term "after fatigue" means "static tests (loaded to failure) after fatigue cycles".
Loading eccentricity check through bending strains of double strap joint
In order to ensure that the bond-line of the double strap joint is subjected to predominantly pure shearing during the fatigue tests, it is desirable to check the alignment of the fatigue hydraulic frame to avoid load eccentricity. As mentioned in Section 2.2, two pairs of strain gauges (G1, G2) and (G3, G4) were attached to the CFRP and steel surfaces, respectively. Therefore, the bending strain, defined as the difference between the two strain gauges of each pair, can represent possible misalignment. Since the maximum fatigue loading is 90 kN, the double strap joint was tensioned to only 90 kN to check specimen alignment. The tensile strain and bending strain are plotted in Fig. 4 for each pair of strain gauges. It can be seen that a linear relationship between strain and load is observed for all the strain gauges. Two strain gauges in each pair exhibited very close readings, resulting in limited bending strain. Therefore, the eccentricity of the loading system could be neglected in analysing the experimental results.
Experimental results
As discussed earlier in this paper, there were three types of specimens after the tests: control specimens, specimens which failed during fatigue loading and specimens which survived fatigue loading. The experimental results of the three types of specimens are listed in Table 3 to Table 5, respectively. Test results, including failure modes, residual bond strength and residual bond stiffness of double strap joints after fatigue loading will be reported in the following sections. From 8 Table 3 , it can be noticed that a double strap joint with 60 mm bond length has average static bond strength of 144.61 kN, consistent with results reported in previous research [14] . 9 
Failure modes
Six different failure modes of CFRP bonded steel system under tensile loading are proposed by Zhao et al. [2] . However, in the current study, only one type of failure mode, CFRP delamination, was observed by visual inspection of all the specimens. During the tests, all specimens failed with minimal audible acoustic emission. This fast failure behaviour was also recognized in the loadextension curves, which will be discussed later in the following sections. The comparison of failure modes between control specimens, specimens which failed during fatigue loading and specimens which survived fatigue loading is given in Fig. 5 . It seems that the effect of fatigue loading on the failure modes can hardly be differentiated from visual inspection, and microscopic examination was used to obtain more detailed failure mechanisms at micro-scale. The evidence of effect of fatigue loading on the bond was observed and the results will be discussed in Section 4.
Residual bond strength of double strap joint after fatigue loading
For specimens which survived the fatigue loading, the residual bond strengths, ,max f F , are listed in Table 5 . Compared to the control specimens, the bond strength ratio, PF) is applied. However, the maximum reduction in the residual bond strength is only 4.27%, indicating that the fatigue load ratio has a very limited effect on the bond strength. Fig. 6(b) shows that the residual bond strength scatters on both sides of the base line of 100% and is independent of the fatigue cycles the specimen endured before the static testing. For specimen DF-0.3-1, the static bond strength changed little, even after 10 million fatigue cycles. 10 It should be noted that in Fig. 6 , the residual bond strength of specimens at load ratios lower than 0.4 are even higher than the average strength of control specimens. This can be attributed to experimental errors. From Table 3 , it can be seen that the error of the strength of control specimens is 6.42%. This provides further evidence that the measured residual bond strengths of survived specimens are close to that of control specimens. Therefore, the observation in Fig. 6 further indicates that the effect of fatigue loading on the bond strength of double strap joints in the current experimental program is negligible. The reason can be explained with the aid of the microscopic investigation discussed in Section 4.
Residual stiffness of double strap joints after fatigue loading
As for the specimens that survived the fatigue loading, two different nominal stiffnesses of double strap joints are considered in the current study. The first stiffness is defined as the gradient of the load-extension curve of the double strap joint. During the static tests before and after fatigue loading, the static load was recorded by the data acquisition system of the Shimadzhu machine and the extension of the double strap joint was recorded by the string pot. Therefore, the first stiffness is entitled I K . It can represent the effect of fatigue loading on the total stiffness of the specimen. The second stiffness, II K , is derived from the load-slip curves of the specimen. As mentioned in Section 2.3, the relative slip between CFRP and steel of the 60 mm bond length was measured using the MTS laser extensometer. From the second stiffness, II K , the total degradation of the bond between CFRP and steel plates within the 60 mm bond length can be investigated.
Load-extension curves:
I K Fig. 7 shows the load-extension curves for all the survived specimens before and after fatigue loading. The first stiffness I K is defined as the gradient of the load-extension curve. As mentioned in Section 2.3, before the specimens were tested under fatigue loading, they were firstly tensioned up to 90 kN under static loading. The purpose was to record their static behaviour before they 11 endured the specified fatigue loading. The comparison of I K before and after fatigue is thus carried out within the load range of 0~90 kN. The stiffness results before and after fatigue in Fig. 7 were calculated and the results are compared in Fig. 8 
Load-slip curves:
I K
The MTS laser extensometer was used to measure the relative slip between CFRP and steel within the 60 mm bond length. For specimens which survived fatigue loading, the load-slip curves before and after fatigue loading are presented in Fig. 9 . Again, all the specimens were statically tensioned up to 90 kN before fatigue loading. The stiffness 
Microscopic investigation and failure mechanism of bond between CFRP and steel
From the discussion of the experimental results, including failure mode, residual bond strength, residual stiffness from load-extension curve ( I K ) and load-slip curve ( II K ), it has been found that the fatigue loading has a very limited effect on the bond between UHM CFRP plate and steel plate.
In this section, the failure mechanism of double strap joint specimens, before and after fatigue loading, will be proposed, with the assistance of the microscopic method. 12 As reported by Wu et al. [14] and Fawzia et al. [16] , the shear stress distribution within the bond line of double strap joints is illustrated in Fig. 11 . It can be seen that during fatigue loading, the bond at the joint is subjected to the most serious damage due to the high stress concentration effect. Therefore, the damage of the bond due to fatigue loading will initiate at the joint, as is the case for static loading. From the above experimental observations, it is hypothesised that the damage due to fatigue loading is restricted to only a small region at the joint (defined as the "fatigue damage zone" in the following discussion). Using this assumption, if the specimen survives the fatigue loading, it is expected that there is little damage to the entire bond line.
Consequently, after the fatigue loading, it is expected that the static bond behaviour (including bond strength and stiffness) will not change much.
In order to validate the proposed failure mechanism, all failed specimens, including control specimens, specimens which failed during fatigue and specimens which survived fatigue, were further investigated under a microscope. Typical microscope photographs are shown in Fig. 12 and As can be seen from Fig. 12 , the fracture surface of control specimen shows little difference across the bond line starting from the joint. Fibres separated from CFRP plate are observed throughout the bond area. On the other hand, striations, which are typical evidence of damage due to cyclic loading [29] , are observed close to the joint for all specimens that were subjected to fatigue loading ("e" in Fig. 14) . The region which contains the striations is defined as the "fatigue damage zone" (Fig. 14) . The width of the fatigue damage zone ( damage L ) was measured for each specimen and the results are listed in Table 6 . 13 From Fig. 15 , it appears that the width of the fatigue damage zone ( damage L ) increases with the applied load ratio. However, damage L is very small compared with the bond length L , which means that the effect of the fatigue loading is constrained within a limited bond area. Since the static bond behaviour relies on the majority of the intact bond line, the residual strength and stiffness will not be greatly affected. For specimens with bond length longer than the effective bond length, the static bond behaviour will not be affected even if the specimen survives the fatigue loading.
Comparison with the results of fatigue effects on the bond behaviour between CFRP sheets and steel plate
Liu et al. [24] conducted a series of fatigue tests on CFRP-bonded steel plate joints to investigate the effect of fatigue loading on bond strength and failure modes. Both normal modulus (240 GPa) and high modulus (640 GPa) CFRP sheets were used. Similarly, the specimens were tensioned to failure after enduring a pre-set number of fatigue cycles at various load ratios. The effects of fatigue loading on the failure modes, bond strength and bond-slip relationships of CFRP sheets and steel double strap joints were discussed.
Failure modes
It was found that, for control specimens, the failure mode of interfacial debonding occurred in the joints with normal modulus CFRP sheets, while fibre breakage occurred in the joints with high modulus CFRP sheets. Correspondingly, for specimens which survived fatigue loading, the same failure mode happened to specimens with normal modulus CFRP sheets. However, for specimens bonded with high modulus CFRP sheets, the failure modes were affected by the fatigue loading and these specimens encountered CFRP fracture failure with irregular fracture cross-section (refer to [24] for more details).
It was proposed that the different failure modes of specimens with normal modulus CFRP sheets and those with high modulus CFRP sheets were attributed to the limiting strains of the 14 CFRP and adhesive. For specimens with normal modulus CFRP sheets, the limiting strain of CFRP is higher than that of the adhesive. Therefore, the failure occurred in the adhesive layer. In contrast, for specimens with high modulus CFRP sheets, the limiting strain of CFRP sheet is lower than that of adhesive. Thus CFRP fracture happened to joints with high modulus CFRP sheets.
Although the limiting strain of UHM CFRP plate is 0.36%, which is much lower than that of Araldite 420 (2.4%), the failure mode was still CFRP delamination for the double strap joints with UHM CFRP plates, both before and after fatigue loading. The effect of fatigue loading on the failure mode could hardly be differentiated by visual inspection of the fracture surface (Fig. 5) , because the bond length of 60 mm is less than the effective bond length of UHM CFRP plate (100~120 mm) [14] . The load transfer from steel to CFRP could not be fully established, resulting in CFRP delamination failure. From the microscopic investigation, it can be seen that, for joints with UHM CFRP plate, the damage due to fatigue loading was mainly constrained within the fatigue damage zone, which has a limited geometric width of around 1 mm. Therefore, visual inspection indicated that the failure modes of the specimens are not affected much.
Residual bond strength
After fatigue tests, the residual bond strengths of specimens which survived with either normal modulus or high modulus CFRP sheets were compared with the static bond strengths of control specimens. It was found that, for joints with normal modulus CFRP sheets, the average reduction in bond strength was about 10% for load ratios below 0.2, and about 20% for load ratios between 0.2 and 0.3. When the load ratio was more than 0.3, the specimens failed during fatigue tests.
However, for joints with high modulus CFRP sheets, fatigue loading had almost no influence on the bond strength, even when the load ratio was as high as 0.55 and the number of fatigue cycles was up to 10 million. 15 Even though the differences in failure modes of specimens with normal modulus CFRP sheets and high modulus CFRP sheets were explained with the limiting strain criterion, the different effects of fatigue loading on the residual bond strengths of joints with CFRP sheets were not reported. For specimens with UHM CFRP plates, similar results were obtained to specimens with high modulus CFRP sheets. The bond strength was not affected greatly by the fatigue loading for double strap joints with UHM CFRP plate, and the maximum reduction was less than 4.27%. The little fatigue effect on the residual bond strength between UHM CFRP plate and steel plate can also be explained using the results of microscopic investigation. This is because the damage due to fatigue loading is constrained within a limited fatigue damage zone. Almost 99% of the bond line remains intact and therefore, the bond strength after fatigue loading is not affected much.
Conclusions
In this paper, the effect of fatigue loading on bond behaviour between UHM CFRP plate and steel plate is investigated. The following conclusions can be drawn, based on the experimental observations:
 The same failure mode of CFRP delamination is observed from visual inspection for all specimens, including control specimens, specimens which failed during fatigue loading and specimens which survived fatigue loading.
 A decreasing trend is found for the bond strength when the load ratio increases. However, the reduction of bond strength is small with the maximum reduction being less than 4.5% compared to the control specimens.
 Two types of bond stiffness of double strap joints were defined and the effects of fatigue loading on them were investigated. It was found the two stiffness, I
K and II K , are little affected by the fatigue loading.
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 With the assistance of microscopic investigation of the fracture surface of all the specimens, the limited effect of fatigue loading on the bond behaviour between UHM CFRP plate and steel plate can be attributed to the "fatigue damage zone" concept. It was revealed from the microscope images of the fracture surface that the fatigue loading only introduced damage which was constrained within a very small zone close to the joint. This zone is named the "fatigue damage zone". It was found that 99% of the bond-line remained intact from the fatigue loading. Therefore, the bond behaviour which relies on the majority of the bond area was not affected much.
 The experimental results of UHM CFRP plate and steel plate double strap joints were compared with those reported for double strap joints with CFRP sheets. In terms of fatigue effects on failure modes, specimens with UHM CFRP and specimens with normal modulus CFRP sheets are similar without visual evidence. In terms of fatigue effects on bond strength, based on the fatigue damage zone concept, the specimens with UHM CFRP plates experience almost no degradation in bond strength due to fatigue loading, which is the same as double strap joints with high modulus CFRP sheets.
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